This paper presents evidence of the presence and subsequent loss of postnatal skin in an ecdysis-like process in southern right whales, Eubalaena australis. Individuals whose skin was noticeably uneven, spongy, broken, and often light gray in color formed !20% of right whale neonates seen on the South African coast on any day up to and including the 1st week of September. Thereafter !85% of calves were of the normal, smooth-skinned appearance. The 50% transition point between the 2 forms occurred on 31 August (95% CI 1.1 days), or about a week after birth. Histological analysis of skin from stranded neonates showed a definite cleavage plane in the midepidermis, the mechanical integrity of which was further compromised by low concentrations of desmosomes and intracellular filaments. We propose that focal edema develops between the cells and forms the cleavage plane, which eventually leads to separation of the outer epidermal cell layer (cf. spongiosis in humans). The movement from the intrauterine to the oceanic milieu, and the osmoregulatory consequences thereof, may be a catalytic factor for this process to occur. This ecdysis may have important consequences for the cyamid fauna of neonatal right whales.
Shedding of individual cells and small clumps of cells (exfoliation), which is necessary for maintenance of epidermal integrity, is clearly shown in many cetacean species (Brown et al. 1983; Geraci et al. 1986; Haldiman et al. 1985; Hicks et al. 1985; Palmer and Weddell 1964; Sokolov et al. 1969; Sokolov and Kalashnikova 1971) . In odontocetes, exfoliation occurs 9 times faster than in humans (Bergstresser and Taylor 1977) .
As in terrestrial mammals, growth and replacement of the epidermis in cetaceans are generally viewed as continuous processes (Ling 1974 (Ling , 1984 . However, species occupying different environments seasonally might be expected to undergo additional (cyclical) changes in the epidermis. The beluga whale, Delphinapterus leucas, undergoes a unique 3-phase, seasonal loss of epidermal layers (molt or slough- St. Aubin et al. 1990 ). There are no known studies of seasonal histological changes in the skins of migrating mysticetes. Whether epidermal mitotic activity accelerates on the breeding grounds (Bullough 1962) is not known, although Whitehead et al. (1990) discuss the more frequent sloughing of sperm whales (Physeter macrocephalus), humpback whales (Megaptera novaeangliae), and gray whales (Eschrichtius robustus) observed in warmer compared with colder waters. Eschricht and Reinhardt (1866) reported that the black epidermal portion of the skin is thicker in the newborn and suckling bowhead whale (Balaena mysticetus) than in the adult. Eskimo captains and scientists have informally presented anecdotal evidence that young bowhead whales shed large masses of skin (Haldiman and Tarpley 1993) . J. T. Haldiman et al. (in litt.) have presented evidence from gross and microscopic studies of adult bowhead skin that some epidermal modifications take place that are associated with previously wounded areas of the skin. These authors propose that ecdysis (rapid loss of multiple layers of epidermis) or an ecdysis-like process may also be involved in the apparent healing of some modified areas. Haldiman and Tarpley (1993) also describe histological evidence of an ecdysal process in very young bowhead whales.
The only odontocete species in which neonatal ecdysis has been described is the beluga whale, in which a multilayered molt results in the partial removal of the fetal epidermis (Yablokov et al. 1974) .
In this paper, a similar process of rapid loss of multiple layers of epidermis is described, for the 1st time, for the southern right whale calf. The process is here termed ecdysis, to distinguish it from the general and continual loss of single cells (exfoliation or desquamation) or seasonal loss of epidermal layers, referred to here as molt or slough.
MATERIALS AND METHODS
Study area.-Visual assessments of skin condition were made and samples of integument (epidermis, dermis, and hypodermis) collected by biopsy during 24 days of boat surveys for southern right whales between August and November in 1998 , 1999 , and 2000 . The study area included Walker Bay, Struisbaai, De Hoop Marine Reserve, and St. Sebastian Bay, all on the south coast of Southern Africa (Fig. 1) .
Monthly aerial photogrammetric surveys of cow-calf pairs (from which the skin condition of the calves could be examined) were flown in the De Hoop area from August to November 1988, and from July to November 1989, for a total of 9 days (Best and Rüther 1992) . Samples were also taken from stranded animals in the above areas as well as in the Cape Peninsula, Dwarskersbos, and Elands Bay, along the west coast of Southern Africa (Fig. 1) .
Visual assessment of skin condition.-During the boat surveys in 1998, 1999, and 2000, a total of 156 calves were encountered, and a visual assessment of their skin condition was made. Encounters consisted of our approaching the whales to within 20 m and remaining there for at least 10 min.
Photographs of calves on the photogrammetric surveys were taken at an altitude of 100 m with a Hasselblad ELM (F.W. Hasselblad & Co., Sweden) camera and a 250-mm lens, using color positive 70-mm film. Images were examined using a 24Â microfiche reader (C.O.M. 200, Micro Design Inc., Hartford, Wisconsin) to determine skin condition. A total of 219 photographs were analyzed, representing 97 individual calves. Most of the animals were seen at least twice during the different monthly surveys, providing sequentially comparable data.
Photographs from both aerial and boat surveys were analyzed, and southern right whale calves were grouped according to the appearance of their skin. The skin of some calves was noticeably uneven, spongy, broken, and often light gray in color. These calves were referred to as rough skinned ( Fig. 2A) . Other calves possessed very smooth and uniform, black colored skin and were termed smooth skinned (Fig.  2B ). Some calves were generally small in size with very little evidence of superficial exfoliation but were lighter gray in color and were defined as being pre-ecdysal. Similarly, other calves that showed extensive exfoliation and were generally large in size, but dark, were termed ''probably smooth.'' The skin condition of some evasive calves could not be determined, and some photographs were unclear: the condition of such animals was therefore listed as unknown.
A time scale (counting days from 1 June, based on the Julian calendar) to describe the ecdysal process of southern right whale neonates was constructed using the approach developed by DeMaster (1978) for calculating the average age of sexual maturity in marine mammals. This method lends itself well to age-specific data and incorporates a variance estimate to facilitate comparisons between populations.
Sample Collection
Collection of biopsies.-Integumentary samples from free-swimming southern right whales (35 cows and 63 calves) were collected along the South African coast using a specially designed, laboratory made, hand-held deep-core biopsy system (Reeb 2001) .
Photography and biopsying was carried out under permits issued to PBB in terms of the Sea Fishery Act, 1988 (Act no. 12 of 1988 , and the Marine Living Resources Act (Act no. 18 of 1998), on 10 March 1998 and 29 January 1999, respectively. American Society of Mammalogists Guidelines on animal care and use were followed during this study (http://www.mammalogy.org/committees/index.asp).
Each animal was approached perpendicular to its long axis and sampled by inserting the biopsy head (on the end of a 9-m aluminum pole) into the dorso-lateral surface of the whale and immediately retracting it. A series of closed-cell foam ''stoppers'' was used to control the depth of penetration (maximum of 190 mm for adults and 102 mm for calves). Once a successful biopsy attempt was made, the sample was removed from the biopsy head, placed in foil and into a labeled plastic bag, and then put into a cooler box with refreezable ice packs. The biopsy heads were cleaned in 99% chloroform between samples, and the barbs were reset or, if necessary, replaced. On land, the samples were measured, noting epidermal and blubber thickness. The pigmented skin was cut away from blubber samples (the cut was made on the blubber side of the intersection between the epidermis and dermis) using a sterile scalpel, and the skin was immediately placed in a separate, labeled specimen bottle containing gluteraldehyde. Skin samples were left in the gluteraldehyde for 3-6 days, then were placed in buffer (25% gluteraldehyde plus sodium dihydrogen orthophosphate, plus disodiumhydrogen orthophosphate anhydrous, plus equal part water) until analyzed.
Stranded animals.-Total body length measurements and integumentary samples were collected from fresh and recently stranded animals (Appendix I). Epidermal thickness measurements were taken at 5 positions along the middorsal, lateral, and midventral surfaces (Reeb 2001 ) from animals that stranded from 1998 onward. Full core integumentary samples were cut from the same positions, placed in foil, and frozen at À208C within a few h of collection. Samples for histological analysis were subsequently fixed in 10% buffered formalin, and subsamples of the pigmented skin for electron microscopic analysis were fixed in gluteraldehyde (same procedure as for biopsy samples). In most instances the positioning of the animal prohibited the collection of samples from both the middorsal and midventral surfaces, and in other instances the location of the animal made it impossible to take measurements and collect samples from all positions along the various surfaces. Skin samples from other structures (e.g., callosities, flippers, and flukes) were collected opportunistically.
Histological preparations.-Skin samples were prepared, paraffin embedded, and stained according to standard histological procedures. A tissue processor (Leica Jung Histokinette 2000, Leica Microsystems Nussloch GmbH, Nussloch, Germany) was used, sections of 4-5 lm were cut on a microtome and adhered to 3-aminopropyltriethoxysilane (APES) coated slides. Mayer's hematoxylin and eosin stains were used to accentuate general histological structure, Weigert's resourcin stain to reveal the presence of collagen and elastin fibers, and Ayoub-Shklar stain to reveal keratin.
Samples for transmission electron microscopy (TEM) were prepared in a standard manner (Bancroft and Stevens 1990 ) and electron micrographs were taken using an Hitachi H600 transmission electron microscope (Hitachi High Technologies Canada, Inc., Ontario, Canada) at various magnifications, operating at 75 kV.
Samples for scanning electron microscopy (SEM) were removed from buffer and dehydrated through an ethanol (Merck AG ethanol, Merck & Co., Inc., Whitehouse Station, New Jersey) series (30%, 50%, 70%, 80%, 90%, 100%) for 2.5 h in each solution. The samples were placed in 2 additional washes of absolute alcohol for 2.5 h each. The samples were critical point dried from 100% ethanol in CO 2 , mounted and coated with gold-palladium in a sputter coater, and viewed using a JEOL JSM-5200 scanning electron microscope (JEOL-USA, Inc., Peabody Massachusetts) operating at 15 kV.
RESULTS
Macroscopic appearance of neonatal skin.-The mean epidermal thickness for stranded neonates along the middorsal, lateral, and midventral planes was 1.13 cm 6 0.2 SE (n ¼ 4), 1.52 6 0.3 cm (n ¼ 4), and 1.14 6 0.2 cm (n ¼ 4), respectively. Epidermal thicknesses of stranded neonates compared between and across different positions along the middorsal and lateral planes were not significantly different (Student's t-test: P . 0.05). The mean epidermal thickness of calves biopsied in August-September [1.57 6 0.13 cm (n ¼ 20)] did not differ significantly from those biopsied in October-November [1.39 6 0.07 cm (n ¼ 19)] (Student's t-test: P ¼ 0.261).
The visual assessments of skin condition made on boat and aerial surveys are listed in Table 1 , for a total of 375 observations. To increase sample size, some observations on consecutive boat days in the same year have been combined. There is generally good consistency between the results of aerial and boat surveys and over different sampling years. Calves classified as rough skinned or pre-ecdysal formed at least 20% of all calves seen on surveys up to and including the 1st week in September. Thereafter they were either absent or formed 11% of calves seen. By contrast, smooth-skinned individuals dominated (!85%) among calves seen on surveys after the 1st week in September. Calves classified as probably smooth were only encountered prior to the end of August, and only on aerial surveys: these possibly reflect practical difficulties in distinguishing between exfoliation and late stages of ecdysis.
As a better indication of the timing of the ecdysis, we used the average date at which 50% of the calves have smooth skins. For this, calves classified as unknown were omitted, and the resultant daily estimates of the proportion smooth skinned used in the model of DeMaster (1978) . Setting 1 June as day 1, the point at which 50% of the calves were smooth skinned was reached at day 91.9, or 31 August (95% confidence interval ¼ 61.1 days).
Microscopic appearance of neonatal skin.-Superficially, SEM clearly showed flaking of the surface squamous keratinocytes in smooth-skinned calves indicative of sloughing (Fig. 3A) , whereas the epidermis of rough-skinned calves was very uneven with keratinocytes forming rosettes around and superficial to the tips of exposed dermal papillae (Fig. 3B) .
In transverse sections of the epidermis of stranded neonates (n ¼ 8), a distinct line or plane occurred superficial to the tips of the dermal papillae and ran in a tangential plane (Fig. 4) . This plane effectively delineated 2 separate epidermal regions. Lightly pigmented layers of epidermis occurred superficial to the plane, and layers of highly pigmented epidermis occurred deep to the plane. This plane could not be distinguished in the epidermis of biopsies from dark, smooth-skinned (and presumably older) calves (n ¼ 35) or from juveniles and adults (n ¼ 49, including Antarctic samples). In a middorsal sample from a stranded neonate (sample 7), the outer epidermal layer above the plane measured 12 mm in thickness, while below the plane the epidermis was 10 mm thick. In the same individual, the thickness of the outer epidermal layer was reduced over a rostral callosity (to 5 mm) in comparison with the epidermal thickness between callosities (13 mm; Fig. 4C ).
The distinct plane observed in the neonatal epidermis consisted of flattened, stratum corneum-like cells bordered on both sides by larger, spindle-shaped cells of the stratum spinosum within the epidermis. The plane was situated approximately halfway between the epidermal-dermal junction and the outer surface of the stratum corneum (Fig. 4A) . As the ecdysal process developed, the plane became conspicuously porous in nature (Fig. 4B) . Intercellular edema occurred above the most superficial tips of the dermal papillae, and the spinosal cells on either side of the plane possessed pyknotic nuclei (i.e., nuclei in degenerative state) due to the accumulation of keratin. Cells at the tips of the dermal papillae seemed to be necrotic in nature. TEM studies of skin from rough-skinned animals revealed that layers peripheral to the cleavage plane had reduced numbers of desmosomes and intracellular filaments, as well as lower concentrations of melanin granules compared with the proximal layers. However, high concentrations of melanosomes and melanin granules were present in the basal layer of the epidermis in both rough and smooth-skinned calves. On 10 July 1966, during a biopsy-sampling program, a seemingly abandoned right whale neonate was encountered in the De Hoop nursery ground. It was distinctly gray colored, with rough-looking skin, layers of which, as its body flexed, seemed to be loosely attached. When the calf made accidental contact with the inflatable boat, a large piece of skin came away from the lower region of its back, floated on the sea surface and was retrieved with a net. It measured approximately 27 cm in length, 14 cm in width, and 6 mm thick (Fig. 5) . This presumably represented an extreme example of the ecdysal process. Light microscopy of the sample revealed the epidermal cells to be midstratum spinosal in nature, but none possessed any viable nuclei. TEM examination showed the presence of ghost nuclei within these cells.
Although most samples from smooth-skinned calves exhibited adult-like characteristics and therefore showed no evidence of a distinct plane or of a vacuolated layer in the stratum spinosum, histological analysis of some calves described upon gross examination as smooth skinned revealed the presence of a distinct plane in the stratum spinosum as described for rough-skinned animals. Likewise, it was found that some 
DISCUSSION
This is the first documentation of the process of ecdysis in right whales. Rough-skinned calves have not been reported in Australian or Argentinean waters, possibly due to the fact that research in these areas is predominantly conducted from landbased stations or aircraft that do not allow for close interactions with the whales. Payne et al. (1983) , however, did note, ''when small calves are first seen, they are lighter grey than their mothers and become darker with age.'' This agrees with the findings of this study, in that the layers superficial to the cleavage plane in pre-ecdysal animals have lower concentrations of melanin compared with the proximally occurring layers.
Given this ecdysis, the minimal difference between the epidermal thickness of biopsied calves sampled early in the season and those sampled later in the season is surprising. Multiple samples from various positions along the body of a stranded neonate (sample 8) showed the outer epidermal layer to be slightly thicker than the deep adult-like epidermal layers. It is possible that during biopsy sampling the majority of the outer epidermal skin layers are lost, or, because the ecdysal process proceeds in an uneven or nonuniform manner, the outer epidermal skin layer may have already separated from the epidermis at the sampling position. The latter reason may also explain why samples from some rough-skinned calves failed to show cleavage planes when examined histologically. On the other hand, skin samples from some seemingly smooth-skinned neonates showed distinct, although nonvacuolated, cleavage planes. Such individuals were presumably in a pre-ecdysal stage, indicating that the skin of neonates may only start to break up visibly after birth. Best (1994) estimated the mean date of birth of right whale calves on the South African coastline to be 24 August. The date on which 50% of the calves lose their rough-skinned status is estimated above as 31 August, implying that on average the ecdysal process is completed about 1 week after birth.
Cyamids (Crustacea: Amphipoda), commonly referred to as whale lice, live commensally on and around the callosities and within the genital slits of southern right whales, their diet consisting of sloughing whale skin. The variable thickness of the outer epidermal layer over the rostral callosity of a stranded neonate (sample 7), in comparison with the rest of the samples taken along the body, indicates that once ecdysis had taken place the surface of the callosity would have become more irregular. This would make the callosity more favorable for colonization by cyamid species such as Cyamus ovalis and C. gracilis, which seem to favor areas of reduced waterflow. The high incidence of C. erraticus on right whale neonates may also be associated with the process of ecdysis, since this seems to be a species associated with wounds and other areas of high epidermal activity (Payne et al. 1983 ). The ecdysal process may be a key factor in the succession of cyamid infestation, with C. erraticus being replaced largely by C. ovalis and C. gracilis (Rowntree 1996) .
The ghost nuclei present in the large sample of skin obtained from the presumably abandoned, rough-skinned, calf implies that the tissue was dead at the time of sloughing. However, the large size of the ghost nuclei indicated that the cells were midepithelial in depth and that they did not die due to keratinization. Hence a process other than keratinization was probably responsible for the ecdysal activity. We hereby propose that focal edema develops between the cells and forms the cleavage plane, which eventually leads to separation of the outer epidermal cell layer. Accumulation of fluid between epidermal cells causes gaps to appear that may coalesce to form fluid-filled vesicles (possibly accounting for the loose appearance of the skin of the abandoned calf seen in July 1996). The necrotic nature of the tips of the dermal papillae seen in a pre-ecdysal calf (sample 7) could be the source of the intercellular fluid, which may be the catalyst for the ecdysal process. The mechanical integrity of this layer is further compromised by the lower concentration of desmosomes and intracellular filaments. The movement from the intrauterine to the oceanic milieu, and the osmoregulatory consequences thereof, may also be a catalytic factor for this process to occur.
The proposed manner of ecdysis closely emulates the process known as spongiosis in humans, where it is noted to occur particularly in the stratum spinosum (Stevens et al. 1989) . Spongiosis manifests histologically as epidermal intercellular edema with exocytosis of numerous eosinophils and mononuclear cells both within the epidermis and in spongiotic foci (Machado-Pinto et al. 1996) . Although this is often a genetically linked, pathological condition (e.g., incontinentia pigmenti-Machado-Pinto and Golitz 1996) in humans, it does not appear to be so in southern right whales. Haldiman and Tarpley (1993) describe histological evidence of ecdysis in very young bowhead whales that seems to occur in the same manner as described here for southern right whales. However, these authors indicate that keratinization is responsible for this process, whereas the evidence in this paper would suggest that a spongiosis-like process, and not simply keratinization, might be responsible.
The same may be true for the only other cetacean in which a similar dramatic postnatal ecdysal process has been described, the beluga whale. In the beluga fetus, the stratum corneum makes up approximately half the epidermis (Yablokov et al. 1974 ). In the neonatal beluga, the epidermis is about twice as thick as in the fetus, but there is almost no associated change in the proportion between the rest of the integumentary layers (dermis and hypodermis) and the stratum corneum. The superficial layers of this well-developed epidermis, approximately half of which is superficial to the dermal papillae, begin to break up in young belugas. This process results in removal of part of the fetal epidermis. Once ecdysis has occurred, the stratum corneum of neonates thickens by a factor of 3 or 4 (Yablokov et al. 1974) . Possibly the thick stratum corneum provides insulation for the newborn, and it has been proposed that the thinner nature of the stratum corneum of more active neonates and adult animals (compared with fetuses) has thermoregulatory significance (Bel'kovich 1962).
Postnatal ecdysis has not been described for any other mysticete species, so it may be a characteristic of balaenids. The epitrichium, described in fetuses of toothed whales (Naaktgeboren 1960; von Schumacher 1931) and in the fin whale fetus (Naaktgeboren 1960 ) as a thin covering that is apparently lost in utero, may be a vestige of the neonatal, outer epidermal layer of balaenids. The neonatal ecdysis seen in belugas may be an intermediate evolutionary characteristic or adaptation that, together with its 3-phase seasonal molt, adds to the uniqueness of this species.
The phocid embryonic coat or lanugo (Ling and Button 1975 ) is thought to protect neonatal seals against thermal losses in the harsh environments into which they are often born (Elsner et al. 1977) . Oftedal et al. (1991) describe hooded and harbor seals as exceptions, since the pups of these 2 species lose their lanugos in utero. These authors argue that fetal shedding of the lanugo, like prenatal blubber deposition, is an adaptation enabling newborn pups to enter cold water without adverse consequences, as the lanugo provides insulation only while dry. This ability therefore allows the use of pupping substrates that are unstable or regularly inundated with water (Oftedal et al. 1991) . Considering these arguments, the thickened epidermis may originally have provided insulation or protection for neonatal balaenids that existed when the cold, Antarctic-derived current began to flow (Fordyce 1980) but is now an inherited character which, in the more modern balaenopterids, has become vestigial.
